The aim of our study was to investigate, whether masked hypertension (MH) and sustained hypertension (HT) are associated with alteration of resting skin blood flow and flowmotion. Subjects recruited to the study were assigned to three groups according to the results of blood pressure (BP) measurements. Resting blood flow (RF) and an index of cutaneous vascular conductance (CVC), were measured by Laser Doppler Flowmetry (LDF). Total power of the studied interval and five subintervals related to: endothelium, sympathetic, myogenic, respiration and heart activity, were analyzed. Serum glucose, sodium level, lipid profile, as well as insulin, endothelin and norepinephrine levels were measured. The study population consisted of 82 persons: 29 NT, 17 MH and 36 HT. There were no differences between the study groups with respect to age and gender, but they significantly differed with respect to body mass index (p=0.04) and waist circumference (p=0.02), triglyceride levels (p=0.04; highest in HT group), norepinephrine levels (p=0.01; highest in MH group). RF as well as CVC RF were similar in NT, MH and HT groups. Power spectrum of sympathetic origin was significantly different in the study groups (p=0.03), with highest values in MH group. Moreover, the subjects with MH revealed increased power spectrum of myogenic activity, both absolute (p=0.05) and relative (p=0.08). Daytime systolic BP was the most consistent predictor of sympathetic and myogenic origin of elevated skin blood flowmotion in multiple regression models. Our findings suggest that subjects with MH revealed altered microcirculation with elevated resting flowmotion of sympathetic and myogenic origin. 
INTRODUCTION
Hypertension is a well known major cardiovascular risk factor, but almost half of the disease burden attributable to elevated clinic blood pressure develops in individuals with systolic blood pressure below 140 mmHg (1) . This population also includes patients with masked hypertension (MH). MH is defined as normal clinic blood pressure (BP) with elevated outof-clinic BP levels measured by ambulatory or home BP monitoring (2) . The prevalence of MH varies from 5% to 23% depending on the population, with lower incidence in women (3) . Increased vulnerability to daily life stressors and behavioral factors are important predictors of MH (4) . MH is considered a precursor of clinically significant hypertension and, similar to sustained HT, it is associated with increased left ventricular mass index, carotid intima-media thickness, and impaired large artery distensibility compared with normotensive persons, and is a strong predictor of cardiovascular morbidity and mortality (5) (6) (7) . For these reasons, the identification of individuals with MH is of great clinical importance. Screening should include particularly those with a family history of hypertension or other risk factors, such as central obesity, while other clinical signs and symptoms predictive of MH still remain unidentified. In a microneurography study Grassi et al. found, that MH is associated with sympathetic overdrive of almost the same extent like in white-coat hypertension and sustained hypertension (HT) (8) . These findings may be associated with elevated heart rate in individuals with MH. However, Fagard et al. have shown normal autonomic cardiac regulation in the white-coat hypertension, MH and HT (9) .
On the other hand, there is evidence that microvascular abnormalities might initiate the pathogenic sequence in primary hypertension (10) . Moreover, hypertension is now perceived as generalized microcirculatory disease (11) . Skin microcirculation is the part of circulation most accessible to study. Laser Doppler Flowmetry (LDF) is a noninvasive method allowing not only to evaluate the values of skin blood flow, but also to analyze patterns of rhythmic variations in skin perfusion, called flowmotion, by means of spectral analysis of skin LDF tracing (12, 13) . The periodical pattern of the skin blood perfusion is related to heart rate, respiratory rate, intrinsic myogenic activity of the vascular smooth muscle, autonomic and sensory innervation of the blood vessels and endothelial activity (14, 15) . Abnormalities of skin flowmotion were observed in elderly persons, in chronic tobacco smokers, as well as in patients with hypercholesterolemia, obesity, diabetes and chronic kidney disease (15) (16) (17) (18) (19) (20) . Recently Rossi et al. found alterations of postischemic skin blood flowmotion in patients with newly diagnosed hypertension (21) . There are currently no data available on endothelial dysfunction and microcirculation abnormalities in subjects with MH and up to date, to our best knowledge there were no study on microvessells flowmotion in that group. No investigations on clinical parameters that may modify microcirculation function in hypertension is also available in literature. Therefore the aim of our study was to investigate, whether MH and HT are associated with alteration of resting skin blood flow and flowmotion in context of clinical conditions.
MATERIAL AND METHODS

Study population
The study protocol conformed to the Declaration of Helsinki and it was approved by the local Ethics Committee at the Medical College, Jagiellonian University. Voluntary verbal consent was obtained from all subjects prior to participation. Subjects were recruited into the study among the ambulatory patients visiting hypertensiology centre for the first time and among healthy volunteers. Hypertension was newly diagnosed and never treated. BP elevation was mild to moderate and such hypertensive patients may be remained without treatment during primary hypertension confirmation what is in concordance with the European Society of Hypertension (ESH) guidelines (2) . Likewise, healthy volunteers do not apply any medicine. All patients were free from other known cardiovascular risk factors or related comorbidities. Exclusion criteria were: severe hypertension, confirmed secondary hypertension, diabetes, renal or heart failure, coronary or cerebral artery disease, and peripheral artery occlusive disease as well as heavy tobacco smoking (over 5 cigarettes per day), and earlier treatment of hypertension. Waist circumference, height and weight were measured and body mass index (BMI) was calculated Conventional BP measurements and Ambulatory Blood Pressure Monitoring (ABPM) were performed in all study participants. Conventional BP measurements were conducted by the same investigator on the upper right arm with the cuff inflated at heart level using a mercury sphygmomanometer. Before the measurements, the subject remained in the supine position for about ten minutes and then underwent three blood pressure measurements in 2-minute intervals. Systolic blood pressure (SBP) level was recorded at Korotkoff Phase I and diastolic blood pressure (DBP) at Korotkoff Phase V. Mean values of two last measurements was used in further analysis. Mean arterial pressure (MAP) was calculated using the formula:
ABPM was recorded over a working day using automatic SpaceLabs 90207 unit. The cuff with the appropriate bladder size was fixed to the studied arm, and the device was set to obtain automatic heart rate (HR) and BP readings at 15-minute intervals during the daytime and at 30-minute intervals during the nighttime. Daytime and nighttime were defined using fixed clock time intervals, which ranged from 6 AM to 10 PM and from 10 PM to 6 AM, respectively. Investigators performing ABPM were blinded to the clinical status of the examined subjects. More than 80% of successful readings were required to qualify the test for subsequent analysis. The mean values and variability expressed as standard deviation (S.D.) of 24-hour, daytime and nighttime systolic/diastolic BP were analyzed.
Subjects enrolled to the study were assigned to three study groups according to the results of BP measurements. Normotensive persons (NT) were defined as having normal BP in the office (<140/90mmHg) and normal awake BP<135/85mmHg) at ABPM. The definition of MH was normal office BP levels (<140/90mmHg), with elevated BP at ABPM (≥135 or 85 mmHg) while HT was diagnosed when both BP values were elevated. The diagnostic criteria of hypertension were consistent with European Society of Hypertension (ESH) definitions (2) .
Laser Doppler Flowmetry
All measurements were performed in the morning in a quiet room at temperatures of approximately 21-22°C. Subjects were fasting and asked to restrain from smoking at the day of examination. Skin blood flow was measured as cutaneous red blood cell flux using PeriFlux laser Doppler flowmetry (LDF). The LDF probe (Periflux System 5000; Perimed, Jarfalla/Stockholm, Sweden) was attached using an adhesive to the right forearm to measure skin blood flow. The recording was performed after 20-minute period of adjustment in supine position, with LDF signal stable for approximately 10 minutes before the recording. Baseline flow was recorded for 4 minutes (Fig. 1) . Resting blood flow (RF) was expressed in absolute values (arbitrary units -AU) and as an index of cutaneous vascular conductance (CVC) calculated as RF/MAP (AU/mmHg), (22) . The day-to-day reproducibility of the LDF flow has been demonstrated previously (23) .
Spectral analysis of skin LDF signal of RF was performed using Perisoft dedicated software. This software measures the power spectral density of LDF signal, using the fast Fourier transform (FFT) algorithm and a short time Fourier transform (STFT). The detailed data of the chart of frequency analysis report were exported to Microsoft Excel and mean values of total power and power of five frequency subintervals were calculated.
Fig. 1. Illustration of obtained laser Doppler flow recordings (fragments of compressed and decompressed records).
Total power of a studied interval (0.009-1,6Hz) and five subintervals related to: (1) endothelium activity (0.009-0.02 Hz), (2) sympathetic activity (0.02-0.06Hz), (3) myogenic activity (0.06-0.2Hz), (4) respiration activity (0.2-0.6Hz) and (5) heart activity (0.6-1.6Hz), (16) were analyzed. Each frequency power was expressed as an absolute value (AU 2 /Hz) and as a relative energy contribution of a given frequency band (absolute values of a given frequency subinterval/total power), (12, 14) .
Laboratory investigations
Venous blood samples were obtained from each participant after an overnight fasting (from 6 AM to 8 AM) for the determination of blood count, serum glucose, urea (BUN), creatinine, sodium levels and lipid profile (total cholesterol, triglyceride, LDL and HDL levels), according to established methods. Plasma osmolarity (mosm/l) was calculated according to the formula:
Part of the blood specimen was centrifuged and stored at -80°C for subsequent analyses of insulin, norepinephrine and endothelin levels.
Insulin (µU/ml) was measured using electrochemiluminescence immunoassay (Roche Elecsys 2010), norepinephrine (pg/ml) using the CatCombi ELISA Kit (IBL Hamburg, IBL Immuno -Biological Laboratories), and endothelin (pg/ml) using immunosorbent assay (ELISA, Parameter, R&D Systems). The homeostasis model assessment (HOMA) index was obtained according the following formula: fasting plasma glucose times fasting plasma insulin/22.5 (24) .
Statistical analysis
Results were expressed as means±S.D. Between-group comparisons were made using ANOVA Kruskall-Wallis test for nonparametric data with post hoc analysis to identify individual differences between groups, and using Chi square test to investigate differences of categorical variable distribution. Spearman correlation coefficients were calculated for all variables in the whole study population. Multivariate reverse regression analysis was used to detect the parameters of the study population which may be predictors of neurogenic and myogenic activity of skin flowmotion. Multiple regression models included age, gender, BMI, WC, PWV, values of current BP and ABPM measurements, blood count, osmolarity, fasting blood glucose, lipids, insulin, noradrenaline and endothelin levels as independent variables. The simplest significant model was selected. A p value <0.05 was considered statistically significant.
RESULTS
The study population consisted of 82 persons (mean age 36.0±10.4 years; 31.7% women). The study groups did not differ with respect to age and gender, but there were significant between-group differences of body mass index (BMI) and waist circumference (WC), ( NT-normotensive subjects. MH-masked hypertension. HT-sustained hypertension Table 1 . Characteristics of the study groups.
subjects (p=0.04). Similarly, persons with HT had highest WC, but the differences between NT (p=0.06) and MH (p=0.09) subjects were of only borderline significance. Significant differences of the lipid profile were found only with respect to triglyceride levels, with highest values in HT group, and the greatest difference as observed between HT and NT groups (p=0.07). Norepinephrine level was highest in MH group, and the differences were particularly apparent between MH and HT groups (p=0.008). HOMA index was similar in all study groups.
Moreover, the study groups had comparable endothelial function assessed by the endothelin level and flowmotion of endothelial origin. The kidney function estimated by creatinine and urea levels was also normal and similar in all study groups. The study groups differed from the reference standards with respect to conventional and ambulatory BP values, but they had similar BP variability both 24-hours, and daytime and nighttime ( Table 2) . MH patients had conventional BP values similar to NT persons, and ABPM BP values comparable to HT group (data of post hoc analysis were not presented). Heart rate both 24-hours, and daytime and nighttime were comparable in all study groups.
Resting flow as well as CVC RF were similar in NT, MH and HT groups (9.17±3.85 vs. 9 (Fig. 2) . The greatest differences were observed between NT and MH groups (p=0.03). Moreover, the subjects with MH revealed increased power spectrum of myogenic activity, both absolute and relative values. Their significance was related to differences between NT and MH groups (p=0.05, p=0.08, respectively).
Univariate analysis revealed negative correlations between sympathetic origin of flowmotion and BP variability (SD SBP24 -r=-0.23, SD MAP24 -r=-0.36, SD DBPn -r=-0.24, SD MAPn -r=-0.28) and between relative values of myogenic activity and age (r=-0.25).
Multiple regression models included age, gender, BMI, WC, PWV, values of current BP and ABPM measurements, blood count, osmolarity, fasting blood glucose, lipids, insulin, norepinephrine and endothelin levels as independent variables. Significant predictors of increased neurogenic and myogenic NT-normotensive subjects. MH-masked hypertension. HT-sustained hypertension Table 3 . Significant predictors of neurogenic and myogenic origin of skin blood flowmotion in multiple regression models.
activity were presented in Table 3 . Daytime systolic BP was the most constant predictor of elevated sympathetic and myogenic origin of skin blood flowmotion.
DISCUSSION
Mechanism of masked hypertension development is still unknown, however MH, similarly as sustained hypertension, leads to cardiac hypertrophy and remodelling of large arteries (5, 6) . The important finding of present study was that MH is also associated with altered function of microcirculation vessels. The study revealed for the first time that rest flowmotion in patients with MH was characterized by higher power spectral density values of sympathetic and myogenic origin than in truly normotensive subjects. Daytime systolic BP was the significant predictor of elevation of skin flowmotion changes.
Disturbed skin flowmotion was previously observed in several diseases (15) (16) (17) (18) (19) (20) (21) , however so far such alterations were not observed in young and relatively healthy subjects. Hypertensive patients studied by Rossi et al. or Grassi et al. were over ten years older and had higher BMI than our subjects, what may be the cause of some other observed discrepancies (8, 21) .
All our study groups had similar HOMA index, and MH and HT patients studied by Grassi et al. had higher HOMA values than a control group (8) . Even more, in their study MH patients presented lower levels of plasma norepinephrine (NE) than hypertensives. Our MH subjects had higher NE level than other groups. Although many studies failed to detect any substantial difference in sympathetic drive between normal and high BP state, the majority of the investigations provided results that consistently indicated the sympathetic overdrive as a hallmark of HT of essential nature (25) . Human hypertensives were also characterized by an altered functional interaction at the level of the vascular wall between norepinephrine, epinephrine, and other humoral (such as angiotensin II), metabolic (including insulin and leptin), or endothelium-derived substances. Circulating NE mainly originates from a increase in central sympathetic neural outflow, but also peripheral factors may contribute at a chronic BP elevation. Microneurographic studies have provided evidence for increased sympathetic nerve traffic in the skeletal muscle district (8) . However so far, there was no support of skin sympathetic activation in hypertensive individuals (27) . The observations presented in this study revealed for the first time, that skin sympathetic activity was augmented in MH patients. The dichotomy of the skin and muscle sympathetic activity is probably depended on the fact that whereas muscle and cardiac as well as renal sympathetic activity is under baroreflex control, skin sympathetic nerve traffic does not depend on baroreceptor modulation (25) . Moreover, compared to muscle, the sympathetic innervation of the skin in humans is more complex, since cutaneous sympathetic nerves include four different fiber types (vasoconstrictor, vasodilator, sudomotor, pilomotor) so their activation may present different effect on skin blood flow and flowmotion (27) .
Vessel pulsation helps in the delivery of oxygen and nutrients to tissues surrounding capillary beds and the absence of pulsatility may impair the peripheral perfusion stability and trigger microvascular dysfunction of vital organs (28, 29) . Sympathetic innervation plays significant role in how and where blood flow is distributed in response to metabolic demand. Rhythmicity of vasomotion depends critically on rapid transmission of electric signals to coordinate contraction of smooth muscle cells, the intercellular propagation of Ca2+ waves and thus synchronization of cell activities within a vascular wall (30) . The number of simultaneously recruited cells is one of important factors in controlling artery constriction and vasomotion (31) . A key communication pathway between cells is direct signaling through the transmebrane channels known as gap junctions (32) . Alterations in Cx43 expression, one of major gap junction proteins, may represent an adaptive response to functional and structural changes, occurring in the vascular wall during hypertension (32, 33) Moreover, vasomotor tone reflecting myogenic contraction of smooth muscle cells is also modulated by shear stress on the endothelium (34) . Nitric oxide plays an important role in controlling the endothelial component of vasomotion and in modulating sympathetic vasoconstriction in the microcirculation of the exercising muscle (35) . Increased membrane excitability and the number of gap junctions between smooth muscle cells and impaired endothelial function are the main factors responsible for the modulation of tension oscillation (36) . However, the study groups had comparable endothelial function. Increased plasma endothelin concentrations had only been demonstrated in severe and accelerated forms of hypertension, but not in earlier stages of essential hypertension (37) . The participants of the present study had mild to moderate hypertension, they were relatively young, healthy and most of them were without other cardiovascular risk factors. Hypertensive patients had higher BMI, WC and triglyceride levels than normotensives, but they were not obese, had similar HOMA index, and they were not accomplished criteria of metabolic syndrome diagnosis (38) . On the other hand, that is possible that their visceral fat tissue might be a source of hormones and cytokines with proinflammatory and proatherogenic effects which may influence vessels behavior (38, 39) . Furthermore, perivascular adipose tissue also plays an important role in modulating vascular inflammation, vasoreactivity and smooth muscle proliferation through paracrine effects (39) . Endothelial cells and perivascular adipocytes can determine vascular tone both separately and in concert with each other.
Occurrence of risk factors and other concomitant diseases lead for microcirculation disorders. Sympathetic impairment of skin microvascular control is considered as an early indicator of autonomic dysfunction in insulin-dependent diabetes (19) . Lack of post-ischemic increase of the skin blood flowmotion and of its frequency intervals related to endothelial and myogenic activity was observed in chronic smokers (18) . Impairment of the endothelial, myogenic and sympathetic origin of flowmotion waves and reduced cutaneous vasodilatory response to acetylcholine and sodium nitroprusside was also observed in peripheral arterial obstructive disease patients (40) . Blunted post-ischemic increase of the endothelial skin blood flowmotion sub-interval was found in the chronic kidney disease (20) . In patients with essential arterial hypertension, the forearm skin blood flowmotion showed a post-ischemic impairment of myogenic and sympathetic components in newly diagnosed subjects, and of endothelial and sympathetic components in patients with long-established hypertension (21) . Conversely, normotensive subjects with family history of hypertension exhibited altered sympathovagal balance with decreased parasympathetic activity at the cardiac level, as well as increased myogenic microvascular reactivity compared to persons with negative family history (41) . Similarly, in the present study MH subjects showed higher power spectral density values of sympathetic and myogenic origin than NT persons. Probably, prolonged sympathetic stimulation may cause structural alterations of microvessels with elevated vascular resistance, and BP elevation becomes preserved.
Structural mechanism of increased flowmotion of MH subjects may be connected with low capillary density and augmented vasomotion is necessary for optimal supply of peripheral tissues. Such situation cannot be excluded, since significant structural rarefaction of skin capillaries have been reported in patients with borderline intermittent primary hypertension (42) . They had cutaneous capillary densities just as low as patients with sustained hypertension (43) . The structural abnormalities were detected even at early stages in normotensive individuals with familial predisposition to hypertension. Noon et al. established that subjects with elevated BP, whose parents also had elevated BP, had fewer capillaries in the dorsal surface of fingers, than those without elevated BP and no elevated BP in their parents (44) . Similarly, Antonios et al. confirmed skin capillary rarefaction among normotensive individuals with familial predisposition compared to subjects without family history (45) .
Our study has some limitations. The number of studied subjects with MH was relatively small, however it was similar than in other studies (8, 21) . We also cannot prove that the flowmotion of skin microcirculation is similar to that in other organs and we are not able to exclude the high salt diet influence on the vessel function, what in the light of some studies on the animal models, which proved that high salt intake caused not only cardiac damage but intimal hyperplasia, fibrinoid necrosis of the arteries with medial thickening and adventitial scarring, might be significant (46) . Moreover, we have not checked the repeatability of the masking phenomenon. However, some observations revealed that in clinical conditions (in opposite to experimental conditions) ABPM database MH is reasonably reproducible, as compared to other BP variables (47) . Moreover, usage of ABPM and office BP measurement let to precisely distinguish between MH, HT and white coat hypertension. Even so, our results exhibited for the first time that persons with MH presented alterations in microcirculation with increased resting flowmotion of sympathetic and myogenic origin. Daytime systolic BP was the strong predictor of such pulsatility. Nevertheless, further studies are needed to evaluate the molecular mechanisms of presented observations.
